Abstract-Radio-frequency devices such as voltage controlled oscillators (VCOs) or mixers are present in a wide variety of applications from general public electronics or telecoms to military radars. They mainly rely on variable capacitors to either tune their operating frequency or modulate their impedance. In the quest for performance and low power consumption, downscaling has been the main answer from the CMOS industry. However, this strategy will reach its limit reaching the nanometer scale. Hence, alternative ways such as the Micro ElectroMechanical Systems (MEMS) have been sought for. This paper is interested in a way Coulomb blockade of electrons in a distribution of metallic clusters embedded in the dielectric of a capacitor can be used to design a voltage controlled tunable capacitor. A layer of nanoparticles is embedded in a capacitor in tunnelling range from the first electrode in the Coulomb blockade transport regime. The first insulating layer is thin enough to make tunnel phenomenon possible on the contrary to the second one which is too thick and prevents tunnelling. The whole structure is biased via a DC source controlling the onset of Coulomb blockade according to their position in the size distribution. A small AC signal leads to a charging-discharging process of the clusters related to the total dynamic capacitance of the system. The multi-layer system is grown by sputtering. We present the model, numerical simulations and validating experiences with variable capacitors using insulating materials such as alumina or MgO.
INTRODUCTION
Downsizing in Complementary Metal-Oxide-Semiconductor (CMOS) technology has led to a drastic increase in integration density of devices and tremendous improvements in data processing speed. On another hand, analog signal processing for portable applications (radio-frequency mixers, VCOs, . . . ) constantly puts challenges in size reduction as well as in power consumption decrease. However, CMOS technology is projected to be limited by fundamental physics considerations [1] . Among the concepts proposed in the literature, single-electron variable capacitor is very interesting for all those applications. Variable capacitors are usually based on semiconducting diodes, called varactors, and on MEMS. Both have physically inherent defaults. Varactors [2] are reverse-biased diodes where the capacitance variation results from the change of the depleted zone width which occurs within a quite large range of voltages. The quality factor of such devices is limited by leakage current. MEMS [3] have better performances but are limited by a pull-down effect when the force created by the elasticity of the upper electrode becomes weaker than the one resulting from the applied voltage.
A new concept of variable capacitor has been experimentally tested by Carrey et al. [4] : the device does not potentially suffer from the previously described defaults of MEMS or varactors and is easy to fabricate which is critical for technological integration in industrial circuit fabrication processes. It has also proven to have good performances with relative variation of capacitance higher than 40% for applied bias lower than 3 V allowing low power applications. We propose a model that describes the electrostatic interactions and the Coulomb blockade regime. We then perform quantitative comparisons between experimental measurements and simulations.
THE VARIABLE CAPACITOR DEVICE
The studied concept of tunable capacitor (see Figs. 1(a) and (b)) has been described by Carrey et al. [4] and is similar in its configuration to the one used initially by Lambe and Jaklevic [5] . The whole multi-layered structure is grown by sputtering: dielectric layer "f " (resp. "e") is supposed to be thin (resp. thick) enough to allow (resp. prevent) tunneling transport to the base electrode (resp. counter electrode). Island growth of the self-assembly (Co or Au) deposited onto layer "f " (Al 2 O 3 or MgO) does not require any pre-functionalization of the surface. Then, layer "e" is grown. This process can be used to produce a working device with very few technological steps and no complex design. The variation of the dynamic capacitance is obtained by using single-electron tunneling events between the base electrode and the islands (field-assisted perpendicular transport). These are controlled by an applied DC bias to the whole device. Indeed, tunnel transfer of electron changes the charge -and consequently the electrostatic energy -in a discreet way. At sufficiently low temperatures, the charging energy E C = e 2 /2C is larger than the thermal energy k B T (Coulomb blockade regime). C is the capacitance of the junction and e the elementary charge. Inside the assembly, there is no field assistance, which prevents tunneling between islands.
A large voltage range of Coulomb thresholds originates from the distribution of aggregates size in the assembly. By tuning the applied DC bias, the number of islands involved in a chargingdischarging process is changed and thus the dynamic capacitance. A small AC signal permits to charge and discharge islands whose Coulomb threshold is in the probed voltage range.
Since the Coulomb blockade regime is involved, it is of critical importance to accurately determine the electrostatic interactions between the conductors. The suitable formalism is the dense capacitance matrix which relates charges vector Q to the potentials vector V . However, the assembly contains more than one billion of conductors and an exact representation of the whole system cannot be considered. Theoretical proposals of dense capacitance matrices [6] exist but require regular networks of closely located neighbors. This is not the case in our device, but geometrical and electrical properties of the structure can be used to reduce the complexity.
We propose to consider electrical states instead of conductors themselves. Let us consider two islands with the same size and separated from each electrode by equal distances: provided they do not interact, they will tunnel simultaneously [7] . As a consequence, both will be risen to the same potential and will carry the same charge -since charge variation can only occur by tunnel transfer -as if they were a single conductor. As a consequence, we can bin the islands by their size and replace the n islands of one bin by n identical islands with the mean size, at the average potential V class . If "A 0 ", . . . , "A I ", . . . are classes extracted from the size distribution and if lowercase letters represent real aggregates, we get:
This expression is calculated statistically by using configurations of real aggregates with four first neighbors. Interactions with the second, third, . . . neighbors are negligible. The capacitance terms of those configurations can be analytically investigated, but the influence of electrodes has to be numerically simulated via FastCap [8] software.
Practically, because of the distribution of island sizes in the 2D array (see Fig. 1(b) ), it is possible to break this one into N C classes with the same number of elements in each one. Each electrode is considered as one class containing one element. With a moderate number of classes, the error made because we neglect interactions of islands in the same class becomes negligible. By defining classes that way, it is possible to reduce the size of the capacitance matrix to be evaluated to (N C + 2) × (N C + 2), including the two electrodes. Furthermore, a statistical approach of the evaluation of this matrix is used: the goal is to evaluate the coupling term between two classes in an average -but realistic -environment. We lay the stress upon the transformation of a N -island device (N ∼ 10 9 ) into a (N C + 2)-class system, with N C is much smaller than N but large enough (N C ≥ 5) to describe the system.
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SIMULATING THE DEVICE BEHAVIOR
Usual approaches treating Coulomb blockade in tunnel junctions perform the calculation of the Gibbs energy to evaluate the exact conditions at which the charging energy is overcome by the energy provided by the source, i.e., at which tunnel transfers occur. However, this puts an important limitation since it imposes to choose the electromagnetic environment before calculation. A circuit representation of single-electron tunneling (SET) devices has been proposed by R. van de Haar et al. [9] , the Impulse Model, which can be implemented in a SPICE-like (Simulation Program with Integrated Circuit Emphasis) software. We have adapted this approach to the APLAC [10] software in which specific quadrupoles can be defined by their transfer function. With the help of the capacitance network (the dense matrix) and the APLAC electrical description of the tunnel junction [11] , it is possible to build the electrical equivalent circuit to simulate the device behavior (Fig. 2) . The thinnest junctions, i.e., those allowed to tunnel (the lower part of the circuit), are replaced by our model of the tunnel junction described in [11] . Corresponding counter electrode junctions are located in the upper part of the circuit. Horizontal capacitors are the coupling capacitances between islands.
This system can be connected to any external circuit including passive components and an AC+ DC voltage source. The simulation leads to an output current I related to the dynamic capacitance of the device. Because a tunnel event is modeled by a square pulse (see the Impulse model [9] ), with a finite duration (τ ≤ 10 13 s), we derive the dynamic capacitance from the fundamental component of the Fast Fourier Transform (FFT) of I:
QUANTITATIVE COMPARISONS BETWEEN THE MODEL AND THE MEASUREMENTS
We consider two junctions with alumina layers: in Fig. 3(a) , gold clusters are separated from the electrodes by d f = 2.5 nm, d e = 4 nm, with a Gaussian distribution (σ = 0.4 nm, µ = 3 nm). The curve with with crosses represents a junction with a cluster density of 1.42 · 10 16 m −2 and the one black circles is a junction with a cluster density of 2.02·10 16 m −2 . In Figs. 3(b) and (c) are shown the simulated curves. For both junctions, the measurements give maxima of 8.2% (at ∼ 1.25 V) and 12.5% (at ∼ 1.2 V). We use N C = 5 classes to describe the experimental assembly. The simulations leads respectively to 7.4% and 10.4% (at 1.9 V). There is a reasonably good fit between simulations and experimental results. The bias at which the maxima are reached are slightly overestimated. However, the simple model proposed in [12] without any interaction inside the assembly gives, for the same input parameters, 16% at 0.5 V and 24% at 0.5 V. This illustrates the importance of the effect of the interactions between clusters.
We restrict ourselves to two junctions because of the limited paper length, but similar calculations have been performed on other junctions with good agreement between measurements and simulations. 
CONCLUSIONS
This paper presents a variable capacitor using a plane capacitor inside which a two dimensional self-assembly of metallic nanoclusters are imbedded. An original method to treat statistically all the interactions allows to calculate a reduced capacitance matrix of the whole system. The use of an equivalent circuit based on an electrical representation of the tunnel capacitance junction permits to build a device model that can be inserted into any electromagnetic simulation environment. Quantitative comparisons on real junctions measurements shows that our model is able to reproduce the device behavior with a good agreement. It also shows the effect of clusters interactions in the assembly that was not taken into account before.
